Living species are often used as analogues for fossil ones. When this is done, the implicit assumption is made that hominids and living hominoids vary in the same way. This paper addresses the validity of this assumption by comparing patterns of facial variation among humans and African apes. In particular, it addresses three major questions that underlie approaches to reconstructing hominid relationships. First, is phenotypic variation similar between closely related species? Second, if it is dissimilar, why? Third, is it feasible to use analogue species for modeling purposes? Measurements are obtained from 542 crania of adult apes and humans. Care is taken to choose homologous data, and account for differences in population size and structure. Variance/covariance and correlation matrices among the species are compared using common principal component (CPC) analysis, random skewers methods and matrix correlations. Morphological distances (D 2 ) are calculated between population means, and between randomized pairs of individuals within each population, to evaluate intraspecific variation. Morphological distances are also calculated between randomized pairs of individuals using the variation patterns of analogue populations, in order to evaluate the efficacy of such substitutions. Results show that while the hominoids share a similar pattern of facial variation overall, the patterns do diverge. This difference generally corresponds to the phylogenetic relationships among these species, suggesting that patterns of variation may have diverged through time in the large bodied hominoids. Because interpretation of relationships in the fossil record is confounded by a lack of understanding of how variation changes through time, exploration of such patterns of divergence can provide important clues to understanding human evolution. Additionally, neglecting to account for this divergence when using living analogues as variation ''yardsticks'' can give rise to interpretations of the fossil record that are more speciose than is warranted.
Introduction
It is clear to those who study early fossil hominids that the insufficient fossil record prevents a thorough appreciation of interand intrapopulation variation, limiting comprehensive understanding of the relationships between individual specimens. This deficit has promoted heavy reliance on living populations as analogues for fossil ones; few other options exist. It seems reasonable to assume that living apes and humans-while they might not look exactly like hominids-vary in the same way that hominids do, sharing a common pattern of morphological variation. There are undoubtedly problems with this, yet the general consensus approach to assessing species diversity in the hominid fossil record involves the assumption that hominids and living hominoids vary in the same way.
Indeed, assuming constancy (or at least similarity) of variation structure is common practice among paleoanthropologists. A number of researchers evaluating hominid morphological differences and similarities have, either explicitly or implicitly, assumed some constancy of variation both among the fossils and between the fossils and the living groups that act as variation surrogates (e.g., Lieberman et al., 1988; McHenry, 1991; Miller, 1991 Miller, , 2000 Wood, 1991 Wood, , 1992 Wood et al., 1991; Grine et al., 1993; Rightmire, 1993; Kramer et al., 1995; Richmond & Jungers, 1995; Lockwood et al., 1996; Ackermann, 1998; Lockwood, 1999) . Generally, this involves applying a ''null'' hypothesis of similarity-in other words, if variation within a fossil species is the same as that seen in a single extant species, then the fossil species is taxonomically valid. Miller (2000) asserts that because such analogue use is consistent with common practice, it needs no further justification. But increasingly it has become apparent that using extant hominoid variation as a yardstick for assessing hominid diversity may itself be problematic (Wood, 1991; Collard & Wood, 2000) . There is a growing realization that results are often dependent on the models chosen as well as the variables and methods employed for applying models to phylogenetic studies (see Uchida, 1992b; Ackermann, 1998; Collard & Wood, 2000; Wood & Lieberman, 2001) .
Remarkably, while there is widespread awareness that extant model populations vary in different ways, relatively little attention has been given to the details of these similarities and differences in variation patterns between the model populations themselves, despite growing evidence that patterns of variation differ among hominoid species (Oxnard, 1983; Uchida, 1992a,b) , and closely related, morphologically homogenous anthropoids (Ackermann & Cheverud, 2000 , 2002 . The purpose of this study is to contribute to a more thorough understanding of the similarities and differences in facial variation among the extant taxa most often used to create estimates of hominid variation-the African apes and modern humans. In particular, I will address three major questions that underlie approaches to reconstructing hominid relationships. First, is phenotypic variation constant between these closely related taxa? Second, if this variation is not constant, why not? Third, is it feasible to use analogue species for modeling purposes-i.e., can variation patterns from one species be used to assess difference in another? A more thorough understanding of extant variation will permit a more informed interpretation of the variation evident in the fossil record.
Materials and methods

Extant sample
Measurements were obtained from 542 crania of adult apes and humans. Because the reliability of variance/covariance estimates diminishes with decreasing sample size, a phenomenon that is particularly apparent in small samples (n<40), the primary concern for sample composition was sample size. The effect that resultant imbalances in the sampling-particularly of subspecific groups-might have on the results is considered below. Crania with complete dental eruption and fused sphenooccipital synchondroses were considered adult. The specimens were obtained from collections at the National Museum of Natural History (Washington, DC), the Field Museum of Natural History (Chicago), the Cleveland Natural History Museum, the University of the Witwatersrand (Johannesburg, South Africa), and the Musée Royale de l'Afrique Centrale (Tervuren, Belgium) .
The Homo sapiens sample (n=340) was assembled from six regions that Howells (1972) G. g. gorilla, G. g. graueri, G. g. beringei, G. g. uellensis, G. g. rex-pygmaerum, G. g. matschiei . Cluster analysis on specimens of known subspecific affiliation indicates that these six subspecies are actually variants of just three subspecies-G. g. gorilla, G. g. graueri, G. g. beringei (unpublished data Many of the specimens are of unknown subspecific affiliation (60%), and therefore a discriminant function analysis on all gorillas with unassigned affiliation for the unknown specimens was used to classify them into the three subspecific groups; classification was unequivocal in all cases (P< 0·001). Final subspecific groupings included 16 G. g. grauri, 23 G. g. berengei, and 74 G. g. gorilla; the implications of unequal subspecies representation are discussed below.
The Pan troglodytes sample contained 65 wild adult crania (36 males, 29 females). Most of the crania are of known subspecific affiliation. The chimpanzees are assumed to represent a single species (for arguments to the contrary see Morin et al., 1994) . A third of the individuals were of unknown subspecific affiliation, and were categorized in the same manner as the gorillas (again P<0·001). Final subspecific groups consisted of 33 P. t. troglodytes and 32 P. t. schweinfurthi.
The P. paniscus sample consists of 21 wild adult bonobo crania (ten males, 11 females). Because of the small available sample size, the results based on bonobo levels of variation cannot be considered statistically reliable (not highly repeatable-see Results), and are included in this study largely as an interesting comparison to the other great apes.
It is important to consider how the sample structure could potentially bias the results. While it is possible that the classification of the apes of unknown subspecific affiliation by discriminant function, particularly the gorillas, served to artificially reduce variation, the unequivocal classification in every case lessens this concern. The other option-removing unknown individuals from the analysis-would also reduce the variation, making estimates of the V/CV and correlation matrices significantly less reliable. Of more concern is the unequal representation of subspecies in the gorillas. Differences in craniodental form certainly exist among gorilla subspecies (Uchida, 1996 (Uchida, , 1998 Taylor, 2002) . If, for the variables analysed here, the different subspecies of gorillas vary uniquely, unbalanced or unequal representation of subspecies could have a significant effect on interpretation of the results. However, the assumption of subspecies variance equality among the gorilla subspecies is supported by Hartley's (1950) maximum F-ratio (F max ) test for heterogeneity of variance. This test uses a statistic that is the ratio of the largest to the smallest of the sample variances being compared (s 2 max /s 2 min ), and performs an approximate test of significance using the lesser of the degrees of freedom of the two variances needed for computing the variance ratio. For example, the variance in NA-NSL (scaled data-see below) for G. g. gorilla, G. g. graueri, and G. g [3, 22] =3·05, so the observed variance ratio would not be considered significant; the variances of the three subspecies samples are homogeneous. Here, the variances of the gorilla subspecies are homogeneous for all variables except one (IS-MT), while the variances of the chimp subspecies are homogenous for all variables. (Conversely, the variance among all of the human (geographic) and ape (subspecific) samples tested together is heterogenous (P<0·05) for 17 of the 20 variables.) It can therefore be reasonably assumed that pooling the gorilla and chimp subspecies gives a sufficiently reliable estimate of variation at the species level for each population.
Data collection and analysis
Three-dimensional coordinates were recorded for 11 landmarks using a Polhemus 3Space digitizer (Table 1, Figure 1 ). Each specimen was digitized once, as measurement error was negligible (Ackermann, 1998) . A set of 20 linear measurements chosen to describe facial morphology without excessive redundancy was calculated from the coordinate values (Table 2) . Phenotypic correlation and variance/ covariance (V/CV) matrices were obtained for these 20 facial variables in each hominoid species, using the residual correlation matrix and residual covariance matrix from a MANOVA with the 20 traits as dependent variables and subspecific affiliation as the independent variable, thus pooling the correlations and covariances across subspecies. Three different approaches were then taken to evaluate these matrices, to assess the differences and similarities amongst the intraspecific variation patterns.
The effects of scale on variance can confound comparisons of variance patterns, since traits with larger means typically have larger variances, as do traits measured with larger error (Cheverud et al., 1989) . Additionally, scaling of size dimorphism with body mass occurs in primates (Cheverud et al., 1985; Godfrey et al., 1993; Hartwig-Scherer, 1993) , complicating studies which involve comparisons across species boundaries. Reducing the effects of size mitigates this problem, allowing more appropriate cross-specific comparisons when dealing with species that are absolutely different in size and that have different levels of sexual dimorphism. Therefore, for each species, this entire procedure (and the analyses that follow) was done twice-once with raw data that were logged due to nonnormal distributions, and once with data that were adjusted to reduce the effects of size. This adjustment is done using a ratiobased size adjustment, following Darroch & Mosimann (1985) , where each variable (Y) is divided by the geometric mean of all variables (GM) for that individual, creating a new scale-free shape variable (X), so that X=Y/GM (Darroch & Mosimann, 1985; Jungers et al., 1995) .
The three approaches used to evaluate similarity of species variation compare (1) patterns of within-species variance and covariance; (2) patterns of within-species correlation; (3) distributions of pairwise interindividual distances. The first two comparisons will provide insight into Figure 1 . Adapted from Cheverud (1995) .
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. .  morphological patterning, and will demonstrate whether or not crania of the African great apes and humans vary in the same way. The third comparison will evaluate variation on an individual-to-individual basis, an approach that may better model the reality of how fossils are compared.
Analysis 1: variance/covariance patterns
The variance/covariance matrices for each species are first compared using a random skewers method (Cheverud, 1996; Cheverud et al., 1983) in which the evolutionary responses of each matrix to random selection vectors are compared. This procedure, derived from ecological methods (Manly, 1991) is a direct application of Lande's (1979) equation predicting multivariate response to natural selection: z=G .
In this equation, z is the n 1 vector of change in trait means, is the n 1 selection gradient vector measuring the selection acting on the n traits, and G is the n n additive genetic variance/covariance (V/CV) matrix. When working with morphological data, the phenotypic within-group V/CV matrix (W) is often proportional to the additive genetic V/CV matrix (G) (Cheverud, 1988; Roff, 1995 Roff, , 1996 Koots & Gibson, 1996) , and may be substituted for it so that z=W .
To estimate similarity in two separate phenotypic V/CV matrices, a single random selection vector is generated from a uniform distribution of values between 0 and 1, standardized to a vector length of one (sum of squared elements=1), and then multiplied by each of the two V/CV matrices being compared. The two resulting vectors ( z 1 and z 2 ) are then correlated. This is repeated 1000 times, and the 1000 correlations are averaged, to obtain the average angle between response vectors, i.e. the average expected evolutionary response to selection. This average correlation between matrix responses is considered a measure of variance/covariance matrix similarity. If two matrices are equal, the average response to random selection vectors is expected to be equal to one (the cosine of the angle between the two vectors). Conversely, if two Figure 1 . Craniofacial landmarks recorded from hominoid crania using three-dimensional digitizer. Also see Table 1 . Table 2 Twenty linear craniofacial measurements
matrices are unrelated (no shared structure), the average response is expected to be perpendicular, or equal to zero. To test the statistical significance of these responses, they are compared using a bootstrap test of vector correlation (Cheverud, 1996; Cheverud et al., 1983) . For each species sample, a sample of size n is generated from the observations by randomly selecting n individuals with replacement from the original observations (see Efron & Tibshirani, 1993 for overview of bootstrapping). The variance/covariance matrices specified by the bootstrap samples are then calculated and compared to each other via the random skewers method (described above); this is repeated 1000 times. 95% confidence limits are generated from the bootstrap distribution to determine significance.
The V/CV matrices are also compared using a common principal components (CPC) analysis. CPC analysis tests whether matrices share more complex relationships beyond simple structural similarity (Flury, 1988; Steppan, 1997a; . For example, two matrices might be equal, in which case their eigenvectors and eigenvalues are identical. Or they might be proportional, in which case the elements of one matrix are a multiple of the elements of the other (identical eigenvectors with eigenvalues that differ by some constant). Alternatively, matrices might share principal component structure (eigenvectors), but have different eigenvalues associated with the components, in which case a full common principal component (full CPC) model applies. Or they might only share some portion of their principal components (up to P 2, where P is the number of traits of each matrix, out of P total possible components), in which case a partial common principal components (PCPC) model applies. The CPC approach is particularly useful because it allows for significance testing on a more detailed breakdown of structural similarity than the random skewers method. However, it has been shown that there is an increase of Type II errors with increasing sample size, in which hypotheses of no structural similarity are supported despite the fact that the matrices are quite similar (Ackermann & Cheverud, 2000; Marroig & Cheverud, 2001 ). Because of this, reported significance will be assessed critically and in relation to the random skewers method.
The common principal component (CPC) approach tests hypotheses of equality, proportionality and shared structure, by building up each level in the hierarchy from matrix unrelatedness to matrix equality, and testing the significance of each level against the next lower level (Steppan, 1997a; Ackermann & Cheverud, 2000) . The structure of this hierarchy is based on the assumption that if two matrices are equal, then necessarily they are proportional and share complete CPC structure. Similarly, if they share four principal components in common, necessarily they share three in common. Common principal components analyses are conducted using the program CPC (Phillips, 1998) , which performs the analyses outlined by Flury (1988) . For each hypothesis in the hierarchy a new set of matrices based on the sample (original) matrices is constructed by maximumlikelihood methods, and is constrained so that the hypothesis in question (equality, proportionality, etc.) is true. The likelihood that a particular hypothesis is true is determined by the relative degree of difference between the original and constrained matrices. The difference between the likelihood function values of two steps in the hierarchy is distributed as a chi-square and therefore a standard 2 test is used to detect significant differences in matrix structure. For this analysis, the number of partial principal components is limited to 10, since a standard t-test shows that beyond the eighth 172 . .  principal component, few loadings are significantly different from zero for this data set (testing ten PCs is therefore conservative).
Analysis 2: matrix correlation
Elementwise matrix correlations (Sneath & Sokal, 1972) are calculated between the observed correlation matrices of all possible pairs of species, and compared using average r-squared values. Theoretically, matrix correlations will fall between 1 and 1, with the extremes indicating high negative and positive correlation, respectively, although in most applications this range is likely to be restricted due to sampling error (see below). In order to evaluate the statistical significance of all of the elementwise matrix comparisons, a quadratic assignment procedure (Mantel's test) is used (Cheverud et al., 1989) . This procedure randomly permutes the rows and associated columns of one matrix and then calculates the matrix correlation between the unaltered matrix and the permuted matrix. For each comparison, this permutation is repeated 1000 times, and a distribution of matrix correlations expected under the null hypothesis of no structural similarity between the matrices is obtained. When the observed correlation is compared to the empirically derived distribution, the proportion of permutation correlations greater than or equal to the observed correlation functions as an estimate of the probability of obtaining the observed correlation, given that the null hypothesis is true. Patterns are considered significantly similar when the observed matrix correlation exceeds 95% of the randomly generated correlations.
V/CV and correlation matrix repeatability
It is important to remember that all sample V/CV and correlation matrices are estimated with error. Therefore it is necessary to evaluate the repeatability of matrices in order to estimate the impact of sampling error (Cheverud, 1996) . Once accomplished, observed correlations can be assessed relative to a theoretical maximum that accounts for error, in order to find the actual matrix correlation (Cheverud, 1996; Ackermann & Cheverud, 2000; Marroig & Cheverud, 2001 ).
An observed correlation value (r o ) is composed of the true population correlation value (r t ) and sampling error (r e ):
Similarly, the observed variance among the correlation matrix elements (V ro ) is composed of the variance of the true population values across the matrix (V rt ) and the error variance (squared standard error of the average correlation in the matrix) of the estimated correlations (V re ):
The repeatability (t) of a matrix is defined as the proportion of the observed variance that is due to actual variation rather than error variation:
The correlation between an estimated matrix and its true population matrix is √t. Accordingly, if there is no error in the estimated matrix, then t=1. The correlation between two observed population matrices is r t (√t 1 t 2 ), where r t is the true correlation between the population matrices, and t 1 and t 2 are the repeatabilities of the first and second population correlation matrices, respectively. When two populations have perfectly correlated matrices (r t =1), the observed correlation of the estimated matrices will be (√t 1 t 2 ), i.e., the theoretical maximum matrix correlation (r max ) between two population matrices. Observed matrix correlations are therefore judged relative to this maximum correlation, rather than relative to one, because matrix correlations of 173      one are not possible when matrices are estimated with error, as is undoubtedly the case here. To this end, adjusted matrix correlations (r adj ) are calculated as the observed correlation (r o ) divided by the maximum matrix correlation (r max ) calculated for each pairwise comparison:
A different procedure is necessary to estimate V/CV matrix repeatability-a bootstrap test of self-correlation (Cheverud et al., 1989; Cheverud, 1996) . A bootstrap sample of size n is generated from the observations by randomly selecting n individuals with replacement from the original species observations. The variance/covariance matrix specified by the bootstrap sample is then calculated and compared to the original V/CV matrix via the random skewers method (described in previous section). The V/CV matrix repeatability is the average squared vector correlation between predicted responses of the original and bootstrap matrices (Cheverud et al., 1989; Cheverud, 1996) . Cheverud (1996) indicates that this provides an adequate measure of V/CV repeatability, although it may be biased when sample sizes are small (n<40), such as the bonobo sample (n=21). Observed vector correlations were adjusted for repeatability to obtain adjusted correlations, as described above.
Analysis 3: morphological distance
Morphological distances are calculated in three ways. First, to determine the morphological distance between species means, a discriminant analysis is performed and the canonical scores of the group means used to calculate Mahalanobis distances. Mahalanobis distance (D 2 ) is a statistic that measures dissimilarity using information on population variances and covariances, and can be used to calculate the morphological distance between two populations (i and j) as follows:
where i is the vector of means for the ith population, j is the vector of means for the jth population, and V is the covariance matrix. Second, Mahalanobis distance is also used to measure distances between individuals in order to produce estimates of within-species variation.
where x 1 is the vector of Euclidean distances for the first individual and x 2 is the vector of Euclidean distances for the second individual. Using an approach similar to Key & Jantz (1990) and van Vark (1983) , covariance matrices calculated from extant samples stand as estimates of population variability, and Mahalanobis distances calculated between paired individuals are based on these variance/covariance matrices. For each extant population, a frequency distribution of Mahalanobis distances is created by randomly choosing 1000 pairs from the sample with replacement and calculating the D 2 values for each pair. These frequency distributions represent estimates of variation-in terms of the expected interindividual differences-within each population. This randomized estimate of extant variation is particularly important because measures of pairwise difference can be applied to the task of understanding paleontological variation, where only interindividual variation is available and not intra-or interpopulation variation per se.
Third, distance measures are also used to explore the efficacy of using analogue variance/covariance (V/CV) patterns. For each extant population, a frequency distribution of Mahalanobis distances is created by randomly choosing 1000 pairs from the 174 . .  sample with replacement and calculating the D 2 values for each pair, except this time the V/CV matrices used to calculate distances are drawn from other extant species. In other words, 1000 distances are calculated between pairs of humans, based on gorilla population variation, 1000 between gorillas based on chimp variation, etc. This gives an estimate of expected interindividual difference, and the expected distribution of these differences, when replacing actual variation with models of variation drawn from other closely related species-again, useful for paleontological enquiries.
Results
Phenotypic variance/covariance and correlation matrices were calculated for each extant species. These matrices are available from the author upon request. Distributions of randomized distances (D 2 ) were also calculated for each species using its own V/CV matrix, and using an analogue V/CV matrix. Results from the logged and scaled data are qualitatively similar, and therefore only the results of the scaled data are presented, with the exception of the examination of principal components, where the logged data results provide some additional insight.
Variance/covariance patterns
The random skewers approach tests whether patterns of covariation respond to selective pressures in the same way; equal response means equal patterning. Results of the random skewers approach to evaluating V/CV similarity are presented in Table 3 . All of the correlations are high, ranging from 0·68 to 0·86 (0·73 to 0·89 adjusted) suggesting a shared pattern of variation among all of the samples. All correlations are also highly repeatable (0·88-0·99) and significant (see Table 3 ). Molecular data suggest that humans are more closely related to chimps than either is to gorillas (Ruvolo, 1997) , and the general pattern of these results are consistent with that interpretation (see Discussion). Additionally, the lowest correlation values are associated with the bonobo, suggesting that it varies uniquely in this group-either due to morphology or small sample size.
The CPC analyses test whether the details of covariance structure are similar among groups. Contrary to the random skewers approach, the objective results of the CPC analyses indicate that there is no equality, proportionality, or shared principal component structure among the four V/CV matrices when analysed together. In other words, the human, chimp, bonobo and gorilla covariance matrices do not share one common eigenvalue or any eigenvector structure to a significant degree. This result is illustrated in Table 4 , where a significant P-value is encountered when testing the hypothesis of a common first principal component against the hypothesis of unrelatedness. Although this hypothesis-testing *The matrix displays three sets of data: correlation based on scaled data in the lower left half of the matrix, adjusted correlations in the upper right half, and matrix repeatabilities (in bold) on the diagonal. All correlations are significant (P<0·05). Table 3 175      approach is probably most appropriate for this study, it has been argued that in some circumstances a test of best fit may be more appropriate (Flury, 1988 ; see also . Under a model-fitting approach, the model with the lowest Akaike Information Criterion (AIC)-a statistic which balances the size of the log-likelihood function with the number of parameters estimated (see Steppan, 1997a )-is considered the best fitting model. In this case, the best-fitting model-the one with the lowest Akaike information criterion (see Steppan, 1997a; Ackermann & Cheverud, 2000) -indicates shared CPC(2). In other words, using a model-fitting approach, the first two CPCs are shared among the human, chimp, bonobo, and gorilla covariance matrices.
When species' pairwise comparisons are done, some of the hominoid species share covariance structure (Table 5 ). The CPC analyses show some degree of common variance structure among all species pairs, with the exception of humans and gorillas. Under a hypothesis testing approach, humans share minimal CPC structure with bonobos (CPC 1) and chimps (CPC 1), while gorillas share a single CPC (1) with bonobos. Chimps share more extensive CPC structure with both gorillas (CPC 4; a.k.a. shares first four CPCs) and with bonobos (CPC 4). Under a model-fitting approach (AIC solution), humans share some CPC structure with chimps (CPC 4) and bonobos (CPC 1); gorillas share structure with bonobos (CPC 1); chimps share more extensive CPC structure with both gorillas (CPC 9) and with bonobos (CPC 10). Because the conclusions of the hypothesis-testing and model-fitting approaches differ, and because there is no test for significance of the AIC results, interpretation of these CPC results is problematic.
To better evaluate the random skewers and CPC results, it is important to examine *At each step in the hierarchy the hypothesis labeled ''Higher'' is tested against the hypothesis on the step below, ''Lower''. On an objective hypothesis-testing basis, there is no equality, proportionality, or shared principal component structure among the four hominoid V/CV matrices. However, the best solution under the model building approach may be indicated by the minimum value of Akaike Information Criterion (AIC)-CPC(2) for this comparison. Table 4 176 . .  the eigenstructure of the species' V/CV matrices in more detail. When this is done, two patterns emerge. First, the first principal components based on logged raw measurements of all of the species are quite similar, with correlation values between the eigenvectors ranging from 0·85-0·98-well above what would be expected by chance alone (see Cheverud et al., 1983) . This component probably represents size and size-related shape change, particularly in variables associated with facial height and length (NA-NSL, NA-FMN; see Figure 2 ), as shown by the high loadings in this region (Table 6 ). This indicates a degree of similarity in covariance structure that is picked up by the CPC analysis, but is not deemed statistically significant, and corresponds to the results seen using the random skewers approach. Beyond the first two principal components, loadings become more variable and begin to reflect species differences. Examination of the eigenstructure of the scaled data indicates a different phenomenon than that seen for the logged data, probably because individual size has been scaled out of the original data (and in that sense is probably homologous with later logged PCs). First of all, the correlations between the first two eigenvectors are highly †Recall that significance at the third principal component implies significance at all levels below in the hierarchy. For example, significance at CPC(3) indicates shared structure in CPCs 1, 2 and 3. Table 5 Figure 2. Representations of PC1 similarity among the extant species. Areas of positive allometry are indicated (most other regions are negatively allometric to varying degrees-see Table 6 ), as well as strongly positive and negative loadings of the scaled PC1. 177      variable-ranging from 0·51 to 0·81. Second, the scaled first principal component is primarily a shape vector, indicating negative changes in the lower face relative to the upper face, to varied degrees in each species (Figure 2 ). What these results seem to indicate is while African apes and humans are similar allometrically, they also share a general pattern of facial variation, although this commonality breaks down beyond the first few principal components. Combined with the results of both the random skewers approach and the CPC analyses, this suggests that while the apes and humans share a common pattern of variation, particularly in areas of the midface, real differences in these variation patterns persist. There is also some indication that these differences might correspond to the divergence of apes and humans (see Discussion).
Matrix correlations
Matrix correlation analysis indicates whether correlations among traits are similar in compared groups-i.e., whether the groups vary in the same way. Matrix correlation analyses on both the logged and the scaled data give comparable results to those of the random skewers and CPC analyses (Table 7) . Elementwise matrix correlations between the correlation matrices of all of the species are significant. However, the pairwise correlations do vary, with chimps and bonobos having the most highly correlated matrices, followed by the chimps and humans, and humans and bonobos. The correlations of the gorillas with the other two great apes follow, with the lowest correlation between the gorillas and humans. All of the adjusted correlations, however, are quite high, with the lowest at 73% and the highest 0·251  0·192  0·316  0·295  0·239  0·499  0·085  0·464  NA-FMN  0·895  0·741  0·897  0·918  0·094  0·034  0·038  0·112  NA-FM  0·067  0·128  0·070  0·095  0·018  0·023  0·063  0·065  NSL-ANS  0·015  0·139  0·023  0·017  0·094  0·014  0·029  0·096  NSL-FMN  0·227  0·104  0·108  0·020  0·227  0·351  0·045  0·275  NSL-ZS  0·098  0·149  0·093  0·005  0·007  0·039  0·003  0·052  ANS-IS  0·139  0·251  0·076  0·007  0·099  0·242  0·251 
*The standardized first principal components for each species are presented. The first principal component of the logged data indicates that the species share a similar allometry vector (see Figure 2) . Deviations from isometry (either positive or negative) can be determined by dividing each loading by (1/√20)). The first principal component of the scaled data is primarily a shape vector, since the data are made proportional. Refer to Table 1 for descriptions of landmarks.
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. .  99·9%. Again, the matrix of correlations between the species correlation matrices corresponds with the known phylogenetic relationships among the species as derived from molecular data (Ruvolo, 1997) .
Morphological distance
The morphological distances between all group means show the differences between the average forms of these groups. The closest species means are the chimp and bonobo (D 2 =24), followed by chimp-gorilla (D 2 =49) and gorilla-bonobo (D 2 =65). Humans are closest to chimps (D 2 =127), then bonobos (D 2 =143) and lastly gorillas (D 2 =186). Morphological distances calculated between random pairs within each species allow a more complete evaluation of the pattern of intraspecific morphological divergence on a pairwise individual basis. The results across species are comparable (Table 8) , indicating similar levels of difference between individuals within each species. There is slightly less variation in the randomized Mahalanobis distances for the apes, but it is minimal and is possibly an artefact of the smaller sample sizes. In other words, while the means of the species are morphologically divergent, within each species the amount of individual-toindividual difference is relatively constant, suggesting that the extant species are comprised of individuals that differ from each other in similar ways; this echoes the pattern seen when examining the VCV eigenstructure of logged and scaled data for each species. Using a one-tailed approach-since there is a limit to how similar two individuals can be and therefore to how much the left tail can extend-95% of the distances (in this case 950 of the pairs) provide a Correlations between correlation matrices (scaled) for each pairwise hominoid species comparison* H. sapiens P. troglodytes P. paniscus G. gorilla
*The matrix displays three sets of data: raw matrix correlations in the lower left half of the matrix, adjusted correlations in the upper right half of the matrix, and matrix repeatabilities (in bold) on the diagonal. Each correlation is significant (P<0·001). *Bonobos have been left out of this portion of the distance analysis, since the lack of population variation due to sample size produces absurdly high distance values when the variation is used to evaluate the other species' pairs. †Ninety-five percent of each distribution falls below this morphological distance.
‡Means, standard deviations, and standard errors are based on 1000 iterations of randomized distance. When surrogate variation is used to calculate these distances, the species is followed by the name of the surrogate species in parentheses (e.g., human (chimp) represents the distances between humans, calculated based on the chimp V/CV matrix). 179      reasonable estimate of the upper limits to inter-individual, within species difference (Table 8) .
Calculating morphological distances to assess the effect of evaluating pairwise difference between individuals using the variation of other groups is analogous to what paleontologists do when evaluating fossil hominids. When these distances are calculated, the results consistently show mean distances about twice as large as those seen using the species' own variation (Table 8, Figure 3) . Unexpectedly, the pattern is similar for all three hominoid species-e.g., using human variation to estimate distances between gorillas gives a distribution much like that obtained using chimp variation, using chimp variation to estimate distances between humans gives a distribution much like that obtained using gorilla variation, etc. The 95% estimates of upper limits to within population interindividual difference are also consistent with those seen for the previous analyses done with each species own variance, with wider distributions but similar proportions (see Figure 4) . Two factors might play a role in producing these magnified surrogate-variation distances: interspecific differences in magnitude and pattern of variance. Differences in magnitude of variation would cause interindividual distances to appear larger for more variable species judged against a less variable V/CV (e.g., human V/CV with gorilla individuals), and vice versa. Differences in pattern would cause a similar inflation of distances, when regions of high variation in one species are low in another. Such effects need to be considered when applying analogues for variation across species boundaries, particularly in the situation where living analogues are applied to the task of assessing fossil variation, as they can cause an explicit bias that may lead to the over-splitting of fossil taxa. Further exploration of these effects, and their potential for influencing taxonomic interpretations of fossil relationships, Figure 3 . Distributions of distances between random pairs of (a) human, (b) chimp, and (c) gorilla individuals, using human (red), chimp (blue), and gorilla (green) V/CV matrices. Note that overall the distances between individuals are smaller when a species' own variation is used, and larger when the variation surrogates from other hominoid species are used.
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. .  is in progress, and will be reported in due course.
Discussion
There are three primary conclusions that can be drawn from this study-each will be elaborated on below. First, phenotypic variation among apes and humans is not constant, although it is often comparable. Second, divergence in patterns of variation may be due to differences in sample or population structure or may be correlated with increasing time and/or phylogenetic distance. Third, using extant variation as an indicator of phylogenetic relationship may be valid, while using extant variation as a model for extinct variation is problematic. This study indicates that intraspecific facial variation among humans and the African apes differs; patterns of variation vary uniquely for each species. However, it would be a mistake to unduly emphasize this difference, since a number of similarities unify these groups. The CPC results indicate that their patterns of variation are not equal or proportional. This is no surprise given that each species has had its own unique historical trajectory for at least a few million years. Conversely, the CPC results also show that there are structural similarities among the species' variation, as does the random skewers comparison of variation. Closer examination of covariance structure supports this. The matrix correlation results also indicate significant similarities between the species, with patterns of correlation within each species themselves highly correlated. Other evidence of consistent (if not constant) variation patterns is illustrated by the similar levels of pairwise interindividual difference within each species.
The observed similarities and differences among the patterns of variation and covariation in the hominoids are important on a number of levels. They show that there may be particular characteristics of withinspecies variation in the face that unite all of the hominoids. There are similar patterns of allometry among the species, particularly in the mid-face region. The apes and humans all have variation patterns that indicate an opposing relationship between lower and upper face (relatively negative vs. positive). All of these phenomena suggest that a consistent pattern of morphological patterning within the cranium may exist more broadly among great apes and humans.
Yet, despite similarities in the structure of within species variation, there are distinct differences between the species. Why? One possibility that must be considered concerns Figure 4 . Plot of means of randomized distance distributions (X) vs. the upper limit for 95% of the population (Y) for both logged and scaled data. Although the distances between individuals, as well as the 95% upper limits, are greater when using analogue species variation, the relationships between them remain proportional. 181      the structure of the samples themselves. As already discussed, sampling bias here may affect the bonobo and gorilla results, potentially reducing the estimates of variation in both, but in different ways. While the bonobo sample is simply too small to adequately estimate population variation, the gorilla sample is large but unevenly distributed among subspecies. However, as already shown, the differences among the gorilla subspecies are negligible, reducing the chance that this is an influential factor. Related to this, it is possible that we are not comparing ''equivalent'' samples in a broader sense. In other words, the differences between the species could be due to the fact that the comparisons are between two species in the same genus (chimps and bonobos) and between species from different genera (Homo, Gorilla, Pan) that are themselves made up of differing numbers of subspecies. This raises another question: at what taxonomic level are the comparisons between gorillas, humans, chimps and bonobos relevant for addressing fossil differences? Formally, the comparisons between each of these populations-with the exception of the chimp/bonobo comparison-are at the genus level. As such, any results based on them, and any applications to the fossil record, are also at this level. Despite these unsolvable problems, the practice of using variation patterns of differing extant genera to evaluate specific differences among fossils is common, and therefore this comparison of extant ''species'' variation remains important. But it is also important to remember that the amount of difference in variation pattern between two species such as G. gorilla and H. sapiens may not adequately model the amount of difference expected between two species in the same genus.
Assuming that the differences among the compared species are both real and meaningful, there are a number of possible explanations for them. Perhaps similarities in facial variation reflect functional similarity rather than genetic similarity. If so, one would expect the closest similarity to be among the great apes to the exclusion of humans, due largely to diet and social structure. But this is not what we see, possibly because the characters used in this study are based on sutural intersections, and as such are not likely to be highly plastic in response to external stimuli (see Wood & Lieberman, 2001) . This implies that regions of osseous articulation (i.e., suture intersections) may provide useful phylogenetic information because they are more functionally and genetically constrained (Lieberman, 1997; Ruff et al., 1994; Trinkaus et al., 1994) .
Another possibility is that the differences among hominoid facial variation patterns may be tied to phylogenetic divergencei.e., genetic similarity-as they are generally consistent with what we know about the phylogenetic relationships among Homo, Gorilla and Pan (see Figure 5 ). Collard & Wood (2000) conclude that the craniodental characters commonly used for phylogenetic reconstruction of human fossil ancestors are probably not reliable, and call for techniques more sensitive to phylogenetic signal. In this study, both the matrix correlation and the random skewers results indicate a divergence in variation patterns that is consistent with their molecularlyderived phylogenetic relationships (Ruvolo, 1997) , indicating that patterns of morphological correlation and covariation derived from homologous craniofacial landmarks may themselves be reliable characters for reconstructing the phylogenetic relationships of the hominoids, and by extension, the fossil hominids.
If the differences in variation patterns are tied to phylogenetic divergence, it suggests that patterns of variation may have diverged through time in the large bodied hominoids, a phenomenon also seen to some extent in New World tamarins (Ackermann & Cheverud, 2000 , 2002 . Conversely, the 182 . .  similarities among the hominoid species, indicated by common morphological correlation patterns, could reflect more fundamental (ancestral?) similarity among the species, such as common patterns of cranial growth and development. Interestingly, the mean-based distance results are not consistent with the molecularly-derived phylogeny, instead corresponding to morphological assessments which support a closer relationship between Gorilla and Pan than either has to Homo. This might indicate that even when traditional measures of morphological similarity contain little phylogenetic signal, variation patterns could represent potentially useful alternative characters for phylogenetic inquiry. Additionally, it could reflect the inadequacies of basing morphological comparisons on means. It also suggests that different measures of a phenotype might reflect different kinds of similarityfunctional similarity, genetic similarity, etc. While disproving the rather naïve assumption that variance/covariance structure in closely related hominoid species is equal is an important theoretical exercise, the direct application of such techniques for comparing matrices to the assessment of fossil relationships is not possible with the rather miniscule fossil record in existence to date. Few hominid species boast the sample sizes necessary for such an exercise. However, the Figure 5 . Relative relationships among species, as determined through correlations between their covariance patterns, correlation matrices and morphological distance. Notice that while the patterns of variation are consistent with the known phylogenetic relationships among humans, chimps and gorillas, the morphological distance statistic is not. Placement of the bonobos is considered unreliable, due to small sample size (n=21). 183      observation that the patterns of variation are somewhat different across species (and may diverge with time and/or increasing phylogenetic distance) does suggest that they are not exchangeable across species-an observation that does directly affect taxonomic assessments of fossil hominids. The effect of such exchanges on the pairwise assessment of similarity can be quantified when phenotypic variation from one extant hominoid species is used to assess interindividual differences in another. Here, such distributions of pairwise differences between individuals-while still normal-centre around a higher mean and span a greater range than when a single species is used for the whole computation. In other words, estimates of variation drawn from outside sources in order to look at differences between individuals give different results than a species' own variation would give, even when these sources are closely related species. However, these surrogate-variationbased distance estimates are consistent, giving average individual differences that are about twice what is calculated based on ''true'' variation (see Figures 3 and 4) . In light of the previous discussion, this might indicate that there is enough consistency in variation and covariation within the species to assess relationships between individuals from another species, although the differences in magnitude and pattern between the species will distort the distribution of the distances. Therefore, using extant analogues of variation may be possible, but only if greater allowances are made for assessing the significance of the distances between individuals.
This has implications for those who use extant species to evaluate extinct ones. One of the tasks of paleoanthropologists is to ''devise strategies to ensure that the number of species they record in the hominin fossil record is neither a gross under-estimate, nor an extravagant over-estimate, of the actual number'' (Wood & Richmond, 2000:24) .
Practically, such strategies have often used extant model variation as a surrogate for fossil variation. For instance, seminal papers splitting H. habilis into two species-such as the arguments based on coefficients of variation (CVs) in extant populations put forth by Stringer (1986) and Wood (1985) , or the probability based model based on gorilla sexual dimorphism set forth by Lieberman et al. (1988) -have relied on substituting extant models of variation for fossil ones when interpreting taxonomic relationships. The results here suggest that such substitutions may overestimate fossil species, simply because an imperfect model of variation can magnify differences or confuse evaluation of those differences, creating a more speciose interpretation of the fossil record than is warranted. Although it may be possible to adjust for this, any calibration would undoubtedly be imperfect since the relationship between these extant variation patterns and those of fossil hominids is unknown. However, it is reasonable to assume that the commonalities of within-species variation that are seen in the living hominoids also extend to fossil hominids, providing some optimism that such corrections might be viable. Additionally, substituting variation may well be possible using variables that are relatively conservative. For example, since sutural intersections are highly constrained by development they are unlikely to reflect many of the extreme differences between these species (unlike variables such as canine size). Perhaps such relatively constrained characters are more useful for phylogenetic inquiry since they are subject to minimal nongenetic impact, and therefore might also be valuable for solving some of the problems associated with employing traditional morphological characters for phylogenetic reconstruction. Undoubtedly, at a point in paleoanthropological history when splitting is common, partly as a result of a new age of ''willingness . . . to contemplate diversity as a fact of paleoanthropological life'' 184 . .  (Tattersall, 2000:8) , the results of this analysis serve as a timely reminder that our understanding of extant morphological diversity is still limited, that some of this diversity reflects intraspecific-not interspecific-variation, and that methodological choice can alter taxonomic interpretation of the fossil record in unexpected ways.
Conclusions
In this study, a number of different approaches were applied to the task of evaluating facial variability in African apes and humans. Variance-covariance comparisons, matrix correlations, and distance measures separately assessed the degree of similarity between the patterns of covariation in the extant species, while closer evaluation of the principal components and randomized distance measures provided clues into the nature of this similarity and the magnitude of intraspecific variation, respectively. These analyses indicate that while the patterns of within-species variation in the African apes and humans are generally similar, they do diverge significantly from each other. This is particularly important for studies that evaluate the taxonomy of fossil hominids using models of extant variation-assuming constancy in variation structure between the fossil and extant species-and recommends cautious approaches to such modelling. But often the question when evaluating fossils is not whether there is a high degree of variability among specimens, but rather how significant differences in variability are for making taxic distinctions. This study shows that understanding patterns of extant variation may be one means to this end. Certain patterns of facial variation and correlation unite the hominoids; identifying such patterns in the fossil record could provide clues to hominid relationships. While others have found that the variation in correlation pattern below the species level does not reflect phylogenetic relationships (Riska, 1985; Wagner, 1990) , this study indicates that at higher taxonomic levels in hominoids it might. Some have suggested that variation at lower taxonomic levels may be controlled by random evolutionary processes (Riska, 1985; Cheverud et al., 1989; Steppan, 1997b) . Conversely, this study indicates that at higher taxonomic levels the evolutionary processes that most affect variation/ covariation structure may be directional, rather than random (see also Ackermann & Cheverud, 2000) . And if these diverging patterns of variation seen in the hominoids not only reflect phylogenetic relationships, but also are correlated to them, they themselves might be useful characters for phylogenetic inquiry. In turn, variation patterns that indicate phylogenetic relationship could provide much-needed insight into understanding how variation changes through time in the hominoid lineage.
